This article executes MHD heat transport augmentation in aqueous based TiO2 nanoparticles fluid flow over convergent/divergent channel. Joule heating, magnetic field and Darcy-Forchheimer effects are explained for concentration and temperature distributions. Darcy-Forchheimer theory is utilized to explore the impact of porous medium. The system of partial differential expressions is transformed into ordinary ones and evaluated numerically by implementing RKF-45 scheme. Expressions for velocity and temperature profile are derived and plotted under the assumption of flow parameter. Influence of various parameters on heat transfer rates and surface drag force are discussed with the help of table and plots.
Introduction
Flow over a converging and diverging channel is an important phenomenon for physical models due to its broad applications including mechanical, environmental, chemical, civil, bio-mechanical and aerospace engineering branches. For instance, flows through nozzles, reducers and diffusers are encountered in processing of polymers. The drawing-cold process in polymer industry is dependent on flows through converging channels. Another important implication of such flows is molten polymer extrusion through converging dye. Human blood flow in arteries and capillaries is another important implication of converging or diverging channel flow. The basic theory of diverging/ converging channel was reported by Jeffrey and Hamel [1, 2] . After the basic works, few investigations on the phenomenon of diverging/ converging channel were presented. For example, Motsa et al. [3] presented the flow analysis induced by inclined walls. Asadullah et al. [4] initiated hydromagnetic Jeffery fluid flow in diverging/converging channel. Muhammad et al. [5] addressed the implication of least square technique on problem of heat transportation in converging and diverging channel. The magneto nanofluid flow generated by convergent/divergent channel was discussed by Syed et al [6] .
The evaluation of heat transport in porous medium has increased tremendously in the present world of engineering and industrial application. Typical examples of these applications include production of crude oil, nuclear waste disposal, grain storage, petroleum reservoirs, porous insulation, packed bed reactors, groundwater pollution and resin transfer modeling. The term of square velocity in Darcian velocity equation was added by Forchheimer [7] . Muskat [8] presented the homogeneous fluid flows through porous media by employing Forchheimer theory. Seddeek [9] analyzed the involvement of viscous heating in Darcy-Forchheimer flow combined with convection in porous media. Hydromagnetic and diffusion features in Darcy-Forchheimer flows were described by Pal and Mondal [10] . Some important discussions on Darcy-Forchheimer flows can be seen in [12] [13] [14] [15] .
The terminology of nanofluid is used for the liquids formulated by the dispersion of the nanometer sized particles of metallic/non-metallic materials in the conventional thermal fluids. Choi [16] initially described the model of nanofluid and remarked that the factors of Brownian movement and thermophoresis are responsible for the augmentation of heat transportation. Later on, Kuznetsov and Nield [17] employed the model of Choi for boundary-layer viscous fluid flow induced by movement of the plate. Magnetohydrodynamics slip flow of viscous fluid over a vertical surface is addressed by Das et al. [18] . In recent years, various investigations are published on nanofluid [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . In these research works, the authors have used different types of nanoparticles. Here, we used the Titanium dioxide (TiO 2 ) type nanoparticles which are very close to ideal semiconductors for photocatalysis. TiO 2 nanoparticles have lower cast, much safer and with high stability. Such particles are available in the nanodots and nanocrystals forms and exhibit magnetic features.
The investigations on implementation of magnetic field on boundary-layer flows is a hot topic of research due to its abundant applications in technology, industry and geothermal processes, for example, nuclear reactors cooling, high temprature plasmas, metal-liquid fluids, magnetohydrodynamic accelerators and generators. As a consequence, great interest of researchers has been devoted to address the nature of electrically conducting fluids include water-mixture with little acid and liquid-metal under applied magnetic field. In addition, the phenomenon of Joule heating has key role in thermal transportation of a fluid. In fact, Joule heating is generated by excess of heating in fluid due to applied magnetic fields or direct currents. Having all these in mind, we considered the electrically conducting fluid flow in presence of Joule heating phenomenon.
The present effort models heat transfer augmentation in water-based TiO 2 nanoparticles through a converging/diverging channel. Joule heating, viscous dissipation and magnetic field are implemented. Heat transfer characteristics are studied through converging/diverging channel. To conserve the dimensional quantities into the dimensionless form, the similarity equation has been employed. The RKF-45 order technique has been implemented to treat the nondimensional mathematical problem.
Mathematical Formulation
We considered the flow through the source and sink which intersects both plane walls and makes an angle 2α. Figure 1 represents the geometry of the present problem. The walls are shrinked/stretched at rate c and the velocity at the wall is expressed as (û) r = U w = c/r. Further, the channel is assumed to be saturated by nanoparticles with base-fluid (water) and TiO 2 nanoparticles. The thermal equilibrium situation is considered between base-fluid and nanoparticles.
A system of polar coordinates (r, θ) is adopted to model the flow problem. Velocity field can be described in the form V = [û, 0, 0], in whichû r is a function of r and θ. Here, the continuity, momentum and energy relations are expressed as follows [5] :
Equation (1) is the law of conservation of mass or continuity equation, Eqs. (2) and (3) are the law of conservation of momentum or momentum equations and Eq. (4) is the law of conservation of energy and is known as energy equation.
In above expressions, k is the porous medium permeability, F = c b /(rk 1/2 ) is the non-uniform inertia factors of porous medium, c b is the coefficient of drag, σ is the electrical conductivity, B 0 is the strength of electromagnetic induction. Further, k nf (ρC p ) nf , µ nf and ρ nf represent the thermal conductivity, heat capacity, dynamic viscosity and density of liquid, respectively:
where φ is the solid volume-fraction, ρ f is the base-liquid density, ρ s is density of nanoparticle, µ f is the hosting liquid dynamic viscosity, (ρc p ) f represents the heat capacity of hosting fluid, (ρc p ) s denotes the heat capacity of nanoparticle, k f is the thermal conductivity of hosting fluid and k s is the nanoparticles' thermal conductivity.
The following are boundary conditions for flow model:
in which U denotes the channel centerline velocity andT w , U w represent the temperature and velocity at wall, respectively.
The radial velocity pure depiction can be described by Eq. (1) as:
The non-dimensional variables can be expressed as:
The elimination of pressure expression from Eqs. (2) and (3), and the implementation of the above defined variables lead to the following equations:
The non-dimensional conditions can be written as:
In the above expressions, c denotes the shrinking and stretching constraint where c > 0 defines the stretching wall, while c < 0 defines the shrinking walls. Re = U c α/v f is the Reynolds number, the convergent channel is represented by α < 0 and the divergent channel is defined by α > 0,
is the Eckert number, P r = (ρC p ) f /k nf denotes Prandtl number and Ha = σB 2 0 /ρ f U c is the Hartmann number. The interesting quantities from the physical point of view are the skin friction coefficients and Nusselt number which may be expressed as [5, 6] :
In the above expressions, T rθ is the wall shear stress and q w represents the wall heat flux. The non-dimensional forms of the above expressions are:
Results and Discussion
The non-dimensional Eqs. (12) and (13) with the boundary conditions (14) are solved by employing the RKF-45 scheme together with shooting methodology. The water is assumed as hosting fluid containing TiO 2 nanoparticle suspensions. Numerical results of fluid velocity and temperature for some The influence of the Reynolds number on the velocity and the temperature fields has been demonstrated in Fig. 2  and 3 . Figure 2 illustrates that the retardation in the velocity distribution and its interrelated thickness is noticed for the higher Reynolds number. Figure 3 depicts that Larger values of Re result in higher temperature distribution and thicker thermal boundary layer. The variation of the velocity field as a function of the Ha is presented in Fig. 4 and it is clear from the results that the higher estimation of the Ha gradually decays the velocity field and reduces the momentum thickness. From the physical point of view, an external electric field becomes stronger for larger Hartman number which consequently maximizes the velocity. Figure 5 captures the response in velocity distribution for varying porosity constraint. Here the velocity field decayed through larger estimation of porosity constraint. Physically, it justifies that the porous media increase the resistance to the fluid flow that may create a reduction in velocity. Figure 6 is displayed to explore the impact of varying inertia coefficient parameter on the velocity field. From the figure, it is evident that the stronger velocity field and momentum layer thickness accru when the inertia coefficient parameter rises gradually.
In order to investigate the impact of nanoparticle volumefraction on both the velocity and temperature filed results are presented in Fig. 7 and 8. Figure 7 explicitly describes that the velocity field is prominently enhanced by an increase in nanoparticle concentration. Figure 8 indicates that the decreasing trend of the temperature field and the thermal layer thickness are due to the reduction on the nanoparticle concentration. Figures 9 and 10 are plotted to analyze the effect of opening angle parameter on the velocity and temperature fields. From Fig. 9 it is scrutinized that, larger estimation of opening angle parameter scales back the velocity profile and momentum layer thickness. Moreover, the velocity field is dominant in the center of the channels. Figure 10 demonstrates the effect of opening angle on temperature distribution. Here, reduction in temperature and its correspondences boundary layer is noticed for enhancing values of opening angle parameter. Figure 11 and 12 are displaying the nature of stretching constraint on both velocity and temperature fields. From these figures, it is observed that the velocity and temperature fields are enhanced by the increment in stretching constraint. Figure 13 disclosed the behaviour of Eckert number on temperature profile. Here thermal layer and temperature field are enhanced for larger Eckert number. This is because of the fact that viscous dissipation plays a role of the internal heat source that enhances the thermal energy and thus heats the regime. Prandtl number impact on temperature is pictured in Fig. 14. Temperature is decreased significantly with the use of larger Prandtl number.
The influence of the nanoparticle concentration and the stretching ratio parameter on the Nusselt number is analyzed in Fig. 15 and 16 . From Fig. 15 , it is noticed that the Nusselt number is reduced in presence of nanoparticle concentration for both the converging and diverging channel. Further, from these figures it is noticed that the rate of heat transfer is maximum in converging channel when compeered to the diverging channel. In Fig. 16 , considering the higher values of stretching ratio parameter, Nusselt number enhances in the diverging channel and decays in converging channel. Table I displays the quantities of thermal and physical importance associated to nanoparticles and base-fluid. Table II describes the values of ReC f and N u for distinct values of existing constraints. It is noticed that ReC f decreases for the K p , α, Ha, Re and c but it improves for enhancing values of F r and φ. While, N u decreases for F r , c, φ and increases for the persisting parameters. Table III depicts the numeric data of ReC f and N u by employing the distinct values of emerging constraints for both diverging channel converging channel cases. Here, the rate of heat transportation is enrich in diverging channel case as comparative to converging channel situation and surface drag force is weaker in diverging channel. Table IV is displayed to see the behavior of shrinking and stretching wall on ReC f and N u for different values of parameters, which makes clear that the rate of heat transfer is optimizing in stretching wall situation in comparison to the shrinking wall case.
Conclusion
The simultaneous impacts of Joule dissipation and viscous heating in MHD heat transfer flow between the convergent/divergent channel in the presence of H 2 O-TiO 2 nanoparticles are numerically studied. Particular attention is paid to examine the Darcy-Forchheimer flow, strong magnetic field and Joule heating on velocity and temperature dis-tribution. Present flow problem is studied in two cases-for converging and diverging channel condition. The main findings of the present problem include:
• The rapid decrease in velocity field is visualized for various Kp and Ha.
• Momentum and thermal thicknesses of boundary-layer thickness are enhancing function of suction constraint.
• Larger values of Reynolds number scale back the velocity field and augment the temperature distribution.
• Variations of the Reynolds number show the reverse changes in velocity and temperature fields.
• The thermal thickness rapidly reduces by enhancing values of P r and Ec.
• Eckert number enhances the liquid temperature for all circumstances.
• Larger estimation of α and c shows the opposite behaviour on the velocity profile.
